Separation of heteromeric potassium channel Kcv towards probing subunit composition-regulated ion permeation and gating  by Tan, Qiulin et al.
FEBS Letters 584 (2010) 1602–1608journal homepage: www.FEBSLetters .orgSeparation of heteromeric potassium channel Kcv towards probing subunit
composition-regulated ion permeation and gating
Qiulin Tan, Ji Wook Shim, Li-Qun Gu *
Department of Biological Engineering, Dalton Cardiovascular Research Center, University of Missouri, Columbia, MO 65211, USA
a r t i c l e i n f o a b s t r a c tArticle history:
Received 11 February 2010
Revised 12 March 2010
Accepted 15 March 2010
Available online 18 March 2010
Edited by Maurice Montal
Keywords:
Potassium (K+) channel
Kcv
Cell-free protein expression
Ion selectivity
Gating
Permeation0014-5793/$36.00  2010 Federation of European Bio
doi:10.1016/j.febslet.2010.03.023
* Corresponding author. Fax: +1 573 884 4232.
E-mail address: gul@missouri.edu (L.-Q. Gu).The chlorella virus-encoded Kcv can form a homo-tetrameric potassium channel in lipid mem-
branes. This miniature peptide can be synthesized in vitro, and the tetramer puriﬁed from the
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vidual subunits to the channel functions. Using this approach, we showed that the structural change
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ﬁes the ion permeation with the number of mutant subunits in the tetramer (‘‘additive”
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The chlorella virus-encoded membrane protein Kcv can form a
K+ channel in both cell membranes [2–6] and artiﬁcial lipid bilay-
ers [1,7]. This 94-amino acid miniature peptide is one of the short-
est K+ channel proteins ever found [8], and possesses the most
primitive structure of all K+ channels. In particular the pore domain
of Kcv contains a highly conserved sequence TVGFG for the K+
selectivity ﬁlter [4] (Fig. 1). Because of the small size and primitive
structure, Kcv is a unique model for the structure-function re-
search of K+ channels.
The Kcv channel is a homo-tetramer [1,7]. The tetrameric struc-
ture is commonly adopted by most K+ channels in which the four
identical subunits are symmetrically associated and work concert-
edly in conferring unique conductance, selectivity and gating prop-
erties [9–12].We are motivated to explore the role of individual
subunits in the Kcv functions. By genetically manipulating individ-
ual subunits, we would like to characterize how the channel activ-
ity varies with the subunit composition [13–17]. The study of
functional stoichiometry would be beneﬁcial for understanding
structure-determined channel functions, and for engineering ion
channels with programmable activity by manipulating subunit
composition. Such a study also has signiﬁcant medical implica-chemical Societies. Published by Etions. In many channelopathies such as Andersen’s syndrome, the
heterogeneous phenotypes are contributed by hetero-multimeri-
zation of the pathogenic channel protein (mutants) with other
members in a channel family [18–20].
Here we propose a simple, straightforward approach to study-
ing the subunit contribution to the channel functions. This ap-
proach takes advantage of the unique Kcv property we
uncovered recently: the in vitro synthetic wild-type Kcv can form
a stable tetramer in the detergent SDS, and the tetramer puriﬁed
from the SDS electrophoresis gel retains functions as a K+ channel
[1]. Based on this capacity, we designed a tagged-Kcv (Kcv attached
with a polypeptide tag) that can hybridize with an untagged-Kcv
(e.g. mutant Kcv) to form hetero-tetramers. As these hetero-tetra-
mers migrate in different mobility during electrophoresis, they can
be well separated. The stability of Kcv tetramers in SDS allows us to
purify each type of electrophoretically separated tetramers directly
from the gel, and examine its single channel functionality. The
tagged-Kcv is also required to function as a wild-type channel,
thereby providing a ‘‘wild-type background” when forming het-
ero-tetramers with untagged mutant subunits. By detecting the
channel activity of each hetero-tetramer, the correlation between
the channel function and subunit combination can be established.
Using this approach, we were able to distinguish the ‘‘all-or-
none” regulatory mechanism by the selectivity ﬁlter of Kcv, and
the ‘‘additive” regulation mechanism by amino acids near the
extracellular entrance. The structural change in the selectivity ﬁlterlsevier B.V. All rights reserved.
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Fig. 1. Part of the Kcv peptide sequence. The demonstrated domain includes the
pore helix, the selectivity ﬁlter, and the following free chain up to the inner helix
domain. The mutation sites Gly65 and Leu70 were marked in red.
Q. Tan et al. / FEBS Letters 584 (2010) 1602–1608 1603(Gly65) from one subunit is sufﬁcient to cause permanent channel
inactivation, whereas the mutation near the extracellular entrance
(Leu70) additively modiﬁes the ion permeation with increasing the
number of mutant subunits in the tetramer.
2. Results and discussion
2.1. Construction and properties of the tagged-Kcv
We designed a series of tagged-Kcv that are distinct from each
other in the tag’s charge and/or molecular weight (Table S1). Their
proteins were synthesized from coupled in vitro transcription and
translation (Methods in Supplementary data), and the products
were revealed using electrophoresis (Fig. S1). We ﬁnally put focus
on N8, which carries eight asparagines on the N-terminus. This is
because N8 tetramerizes as efﬁcient as the wild-type Kcv (WT),
and its tetramer migrates much slower during electrophoresis with
a distinguishable gap from the WT tetramer (Fig. S1b). When N8
was co-synthesized with WT at various plasmid ratios, their prod-
ucts split into ﬁve tetramer bands on a 12.5% SDS gel running for
16 h (Fig. 2). The single bands in Lane A and Lane E are the WT
and N8 homo-tetramers, WT4 and N84. Three distinguishable inter-
mediate bands appear in Lane B, C and D, with their protein
amount distribution shifting with the DNA ratio. Given the tetra-
meric stoichiometry studied earlier [1], the three intermediate
bands are associated with WT/N8 hetero-tetramers in three sub-
unit combinations: from the fast- to slow-migrating, WT3N81,
WT2N82 and WT1N83. The subscripts denote the number of each
subunit in the tetramer.
We used the planar lipid bilayer system to examine single chan-
nel properties of eachWT/N8 tetramer directly puriﬁed from the gel
(Methods, Supplementary data). Fig. 3a shows their single channel
currents recorded at ±40 mV in 150 mM KCl symmetrical recording
solutions, and Fig. 3b the current–voltage relations (I–V curves)
measured from single channel data. Clearly, all the four tetramers
containing N8 subunits form channels with similar conductance
to the WT tetramer at various voltages between ±120 mV. For in-
stance, the conductance of the ﬁve tetramers at +40 mV are, WT4,WT/N8 plasmid ratios
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Fig. 2. Electrophoretic separation of WT/N8 tetramers. The synthesized S35-labeled
proteins run on a 12.5% SDS–polyacrylamide gel for 16 h. Lane A through E were
tetramers formed at WT:N8 plasmid ratios of 4:0, 3:1, 2:2, 1:3 and 0:4. The ﬁve
bands identiﬁed represent all possible subunit combinations, WT4nN8n (n = 0, 1, 2,
3 and 4 is the number of N8 in the tetramer).213 ± 5 pS; WT3N81, 203 ± 36 pS; WT2N82, 216 ± 5 pS; WT1N83,
216 ± 16 pS; and N84, 194 ± 19 pS (Table S2). The conﬁdence inter-
val is g (1 ± 0.19) at a conﬁdence level of 95%. We further measured
the ion selectivity of the ﬁve channels under bi-ionic condition.
Fig. 3c illustrates their single channel currents at 20 mV and
40 mV with 150 mM NaCl in cis chamber vs. 150 mM KCl in trans
chamber. The corresponding I–V curves in Fig. 3d indicates that all
the ﬁve WT/N8 hybrid channels produce a positive current at neg-
ative voltages with similar reverse potentials (Vr), WT4,
60.2 ± 5.9 mV, WT3N81, 62.9 ± 7.7 mV; WT2N82, 62.0 ± 5.2
mV; WT1N83, 56.1 ± 2.7 mV; and N84, 61.5 ± 6.5 mV (Table S2).
The conﬁdence interval is Vr (1 ± 0.17) at a conﬁdence level of
95%. Similar reverse potentials suggest the channels formed by
the ﬁve WT/N8 tetramers are all highly K+ selective.
Based on ﬁndings from both electrophoresis and single channel
recordings, the eight asparagines in N8 not only separates hetero-
Kcv tetramers using electrophoresis, but also gives the hetero-
channels similar conductance and selectivity to the wild-type
Kcv. Therefore we selected N8 as a qualiﬁed tagged-Kcv to explore
subunit contribution to the channel functionality.
2.2. ‘‘All-or-none” channel inactivation by Gly65 in the selectivity ﬁlter
The crystallographic structures have revealed that the selectiv-
ity ﬁlter of a K+ channel comprises an symmetric ion pathway that
is assembled by the backbone carbonyls contributed from four
identical signature sequences [12]. Many studies have conﬁrmed
the important role of the selectivity ﬁlter in maintaining the rapid
and selective conduction of K+ ions. For instance, the Shaker K+
channel with an altered selectivity ﬁlter has been turned into a
non-selective pore for monovalent cations [21]; the KcsA channel
with a substitution on the ﬁrst glycine in the selectivity ﬁlter
TVGYG (G77A) completely loses the permeability, and the mutant
on the second glycine (G79A) cannot even assemble into a tetra-
mer [22]. Similar to KcsA, the Kcv mutant on the ﬁrst glycine in
its ﬁlter TVGFG (G65C) is permanently inactivated (non-conduct-
ing state) under either symmetrical or bi-ionic condition (de-
scribed below), and the mutant G67Q on the second glycine can
not tetramerize either (Fig. S2).
To detect the functional regulation by individual subunits, we
co-synthesized G65C with N8 at various plasmid ratios. Their prod-
ucts form ﬁve bands on the electrophoresis gel (Fig. 4a). Similar to
the WT/N8 co-expression products, the fastest-migrating (Lane A)
and slowest-migrating band (Lane E) are the homo-tetramers
G65C4 and N84. The three intermediate bands appeared in Lane
B, C and D are hetero-tetramers, from fast- to slow-migrating,
G65C3N81, G65C2N82 and G65C1N83. The proteins of ﬁve tetramers
were extracted from the gel, and their single channel properties
were studied under the bi-ionic condition. The single channel cur-
rents in Fig. 4b indicate that, except N84 that functions as the wild-
type Kcv, all other four tetramers containing different number of
G65C subunits stay in a permanent inactivation state without open
current. Actually, under similar stock protein concentrations
(Fig. S3), the N84 channel can be easily formed a few minutes after
addition of 1 ll stock protein, whereas other tetramer channels can
never be formed even when recorded for 1 h and with addition of
proteins 10 times the amount of N84. Each inactive tetramer was
conﬁrmed by more than ten tests. Overall, the ﬁnding from single
channel currents (Fig. 4b) conﬁrms an ‘‘all-or-none” functional
stoichiometry that all the four Gly65 in the selectivity ﬁlter are re-
quired to retain the K+ ion conduction. Substitution of one Gly65
among four is sufﬁcient to inactivate the channel permanently.
This ‘‘all-or-none” mechanism could be correlated with the
selectivity ﬁlter’s function in gating regulation. There has been
increasing evidence supporting that the selectivity ﬁlter can regu-
late the gating of K+ channels [23–28]. The molecular dynamics
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Fig. 3. Single channel properties of WT/N8 tetramers. (a) Single channel currents for the ﬁve WT/N8 tetramers at ±40 mV in 150 mM KCl (pH 7.2). (b) The current–voltage
relations (I–V curves). (c) Single channel currents in the bi-ionic condition with cis 150 mM NaCl vs. trans 150 mM KCl (pH 7.2), and (d) corresponding I–V curves. The reverse
potentials (Vr) were calculated by ﬁtting the data to polynomial functions.
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linkages in the selectivity ﬁlter (T-V and V-G amides in TVGYG)
can transition to another orientation that leads to a stable ‘‘non-
conducting” conformational state [25]. The initiation of this con-
formational transition is sensitive to the conﬁgurations of the ion
occupancy in the selectivity ﬁlter and inter-subunit interactions.
Thus the selectivity ﬁlter with such a conformational transition
might function as a gate to regulate channel’s opening and closing.
The functional stoichiometry of Kcv revealed by the G65C/N8 het-
ero-channels provides an experimental support for the theoretical
analysis. The substitution of Gly65 in the co-tetramers may give
rise to a ‘‘reorientation” of the selectivity ﬁlter that ‘‘locks” the
Kcv channel in the non-conducting state. Strikingly, the MD simu-
lation [25] further predicted that this reorientation of the selectiv-
ity ﬁlter only involves a single subunit, which is sufﬁcient to lead to
the non-conducting state. This prediction is in good agreement
with our experimental ﬁnding that the substitution in the selectiv-
ity ﬁlter from one Kcv subunit is sufﬁcient to inactivate the chan-
nel, transitioning it to the non-conducting state.
2.3. ‘‘Additive” regulation of ion permeation and fast gating by Leu70
near the extracellular channel entrance
The wild-type Kcv forms a moderate voltage-dependent chan-
nel with a rectiﬁed current–voltage relationship [1,7]: the single
channel current increases almost linearly with positive voltages,
whereas decays sharply at negative voltages. The asymmetric I–Vcurve is not caused by the binding of cations such as Mg2+ as in
the inward-rectiﬁer K+ (Kir) channels [29], in that Kcv was studied
in the absence of multivalent ions. Through the mutagenesis
screening, we have identiﬁed Leu70 near the extracellular entrance
(Fig. 1, the third amino acid after the selectivity ﬁlter) as a key po-
sition for modulating the rectiﬁed I–V curve. For example, the sub-
stitution of Leu70 with aromatic residues, including Tyr (L70Y),
Phe (L70F) and Trp (L70W), can signiﬁcantly increase the negative
conductance (Fig. S4), implying that the K+–p interactions may be
involved in a voltage-dependent conformational change that en-
hances the K+ ion ﬂow at the negative voltage.
To study how the rectiﬁcation property varies with the struc-
tural change in individual subunits, we co-expressed L70Y and
N8 at various plasmid ratios. Fig. 5a shows that the L70Y/N8 prod-
ucts split into ﬁve bands on the electrophoresis gel that corre-
sponds to all the homo- and hetero-tetramers, L70Y4, L70Y3N81,
L70Y2N82, L70Y1N83 and N84. We collected the ﬁve tetramers from
the gel and individually examined their channel activities. Fig. 5b
shows their single channel currents recorded at 60 mV in
150 mM KCl. The I–V curves at various voltages between
±100 mV were determined in Fig. 5c (conductance at ±60 mV was
compared in Table S3). We found all the L70Y/N8 tetramers show
similar positive conductance with their currents increasing linearly
with the voltage. In contrast to the positive conductance, the neg-
ative conductance for the ﬁve tetramers varies with the subunit
composition. N84 does not contain any L70Y subunit, so behaves
as the wild-type Kcv with a conductance of 112 ± 2 pS at
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Fig. 4. Regulation of permeability by individual G65C subunits. (a) Electrophoretic separation of the ﬁve G65C/N8 tetramers in the same condition as in Fig. 2. Lane A through
E were tetramers from co-synthesized G65C and N8 at G65C/N8 plasmid ratios of 4:0, 3:1, 2:2, 1:3 and 0:4, respectively. The ﬁve bands identiﬁed are G65C/N8 homo- and
hetero-tetramers. (b) Single channel currents recorded at 20 and 40 mV in bi-ionic condition, cis 150 mM NaCl vs. trans 150 mM KCl (pH 7.2).
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ber of L70Y subunits in the tetramer, L70Y1N83, 172 ± 12 pS,
L70Y2N82, 218 ± 10 pS, and L70Y3N81, 268 ± 5 pS (Table S3). As
L70Y4 has all the four subunits replaced, the conductance reaches
the highest 292 ± 12 pS, which represents a 2.5 folds increase from
N84. Therefore the decayed negative current of Kcv is stepwise in-
creased with the number of L70Y subunits. Fig. 5d shows that the
change in the negative conductance (g) with the number of L70Y
subunits (n) can be ﬁtted to a straight line, and can be described
using Eq. (1):
gMnN84n ¼ ð4 nÞgN8 þ ngM ¼ ð4 nÞgN8 þ nðgN8 þ DgÞ
¼ 4gN8 þ nDg ð1Þ
In this expression, gN8 is the conductance contributed by a single N8
subunit, gM ¼ gN8 þ Dg is the conductance by a L70Y mutant sub-
unit, Dg is the increase. gMnN84n is the conductance of the tetramer
containing n subunits of the mutant L70Y and 4  n subunits of N8.
This model suggests a different mechanism for regulation of ion
permeation. Unlike Gly65 in the selectivity ﬁlter where four sub-
units work concertedly, each subunit at Leu70 contributes equally
and independently to the conductance, and additively modulates
the permeability without signiﬁcant inter-subunit cooperation.
The ‘‘additive” regulation of ion permeation could originate
from the ‘‘fast gating”, a mechanism proposed by Abenavoli et al.
[30] to interpret the Kcv’s decayed conductance in the single chan-
nel I–V curve at extreme voltages. According to that study, the de-cayed conductance of Kcv formed in Xenopus oocytes is associated
with a high level of current noise. This phenomenon is attributed to
an open–close ﬂicking that is too fast (microseconds) to be fully re-
solved at the ﬁltering frequency and data acquisition rate provided
by the electrophysiology instrument. Guided by a mathematic
model, the decayed conductance can be recovered to the original
full conductance. By comparison, our Kcv channel in the artiﬁcial
membrane shows similar single channel characters to that in the
cell membrane [30]. At negative voltage, the decayed conductance
is always accompanied with ﬂicking-like current noise (current
traces in Figs. 3,5, and S5). Therefore, based on the fast gating mod-
el and the functional stoichiometry studied above, we infer that
Leu70 is an important position to modulate the fast gating activity,
and each subunit independently contributes a fast gating pattern
to the overall conductance. Thus, the observed apparent conduc-
tance is no long the result of the simple open–close binary ﬂicking,
but of the accumulation of fast gating events from the four sub-
units. We expected an advanced mathematic model to be estab-
lished in support of this process.
2.4. Advantages of the hetero-channel method
The unique property of the miniature Kcv provides a straight-
forward strategy for detecting subunit roles in the channel func-
tionality. First of all, the stability of the Kcv tetramer in SDS [1]
enables us to study the electrophysiology properties of individual
types of hetero-Kcv tetramers that are directly puriﬁed from the
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Fig. 5. Regulation of Kcv channel permeability by individual subunits. (a) Electrophoretic separation of L70Y/N8 tetramers in the same condition as in Fig. 2. Lane A through E
were for L70Y/N8 plasmid ratios at 4:0, 3:1, 2:2, 1:3 and 0:4. (b) Single channel currents from the ﬁve L70Y/N8 tetramers at60 mV in 150 mM KCl symmetrical solutions. (c)
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tetramer.
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pores, as exempliﬁed by a-hemolysin, retain their oligomeric
structure and pore-forming capabilities after treating with SDS
[31–33]. Therefore, the synthetic Kcv represents an alpha-helix
channels that retain both structural and functional integrity under
harsh biological conditions. Furthermore, the tagged-Kcv we iden-
tiﬁed (N8) allows for separation and puriﬁcation of hetero-Kcv tet-
ramers from the gel. This is similar to the traditional mass-tagging
method for effectively inferring the subunit stoichiometry (the
number of subunits) of ion channels [1,34–36]. However, the role
of the tagged-Kcv is more than that. The tagged-Kcv should func-
tion as the wild-type protein, therefore serving as the wild-type
subunits in hetero-tetramers with the untagged mutant subunits.
This hetero-channel method is advantageous because the contribu-
tions of mutant subunits to the channel function can be indepen-
dently revealed. This method does not require different subunits
to be equally expressed and random associated in the membrane
as in the co-expression method [37,38], and does not require tan-
dem constructs as in the concatemer method [13,39–42]. The con-
catemer approach generates more uniform (homogeneous)
populations of hybrid channels, and has signiﬁcant implicationsfor channelopathies and pharmacological distinction [43,44]. But
the risks include lower expression efﬁciency, improper assembling
and disturbance of channel functions from the inter-subunit linker
[45–47].
3. Conclusions and perspective
We established a simple, straightforward method of generically
manipulating individual subunits in the Kcv tetramer, thereby en-
abling the detection of the contribution from individual subunits to
the channel functions. Using this approach, we are able to distin-
guish between two mechanisms for regulation of ion permeation
and gating by subunit composition, ‘‘all-or-none” channel inactiva-
tion by Gly65 in the selectivity ﬁlter, and ‘‘additive” regulation of
ion permeation and fast gating by Leu70 near the extracellular
entrance.
This approach could be useful in detecting a variety of subunit
composition-determined molecular processes in channels. For
example, by investigating the functions of individual types of het-
ero-channels, it is possible to uncover the subunit contribution to
the channel block by inhibitors such as tetraethylammonium
Q. Tan et al. / FEBS Letters 584 (2010) 1602–1608 1607(TEA, in preparation), and further distinguish the interactions in-
volved in the blocking: electrostatic, hydrophobic, and/or cation-
aromatic interactions. This approach is applicable to the mechanis-
tic research of other K+ channels. Actually, during our detection
with Kcv, the Bayley’s group reported a similar hetero-channel ap-
proach that were successfully used to study the allosteric process
in KcsA inactivation [48].
Chemical biology is an emerging ﬁeld enabling the engineering
of molecular structures that are unavailable with traditional muta-
genesis. To precisely probe the structure-determined functionality
of K+ channels, unnatural amino acids have been incorporated into
the selectivity ﬁlter of the KcsA channel using semi-synthesis
[49,50], and the backbone in the selectivity ﬁlter of Kir channel
has been changed from the amide carbonyls to ester carbonyls
through non-sense suppression [24]. We anticipate the combina-
tion of fashion chemical biology techniques with our hetero-chan-
nel separation method may provide an avenue to comprehensively
probe ion permeation and gating mechanism. Moreover, by manip-
ulating subunit composition, it is possible to construct protein
channels with tunable functions for biosensing applications [51].
As exempliﬁed by the Leu70 mutants, we are able to stepwise reg-
ulate the conductance of the Kcv channel by using different mu-
tants and adjusting the number of mutant subunits in the tetramer.
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